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Altered MCM Protein Levels and Autophagic Flux in
Aged and Systemic Sclerosis Dermal Fibroblasts
Vero´nica I Dumit1,2, Victoria Ku¨ttner1,2,3, Jakob Ka¨ppler2, Sonsoles Piera-Velazquez4, Sergio A. Jimenez4,
Leena Bruckner-Tuderman1,2,3, Jouni Uitto1,4 and Jo¨rn Dengjel1,2,3
Aging is a common risk factor of many disorders. With age, the level of insoluble extracellular matrix increases
leading to increased stiffness of a number of tissues. Matrix accumulation can also be observed in fibrotic
disorders, such as systemic sclerosis (SSc). Although the intrinsic aging process in skin is phenotypically distinct
from SSc, here we demonstrate similar behavior of aged and SSc skin fibroblasts in culture. We have used
quantitative proteomics to characterize the phenotype of dermal fibroblasts from healthy subjects of various ages
and from patients with SSc. Our results demonstrate that proteins involved in DNA and RNA processing decrease
with age and in SSc, whereas those involved in mitochondrial and other metabolic processes behave the
opposite. Specifically, minichromosome maintenance (MCM) helicase proteins are less abundant with age and
SSc, and they exhibit an altered subcellular distribution. We observed that lower levels of MCM7 correlate with
reduced cell proliferation, lower autophagic capacity, and higher intracellular protein abundance phenotypes of
aged and SSc cells. In addition, we show that SSc fibroblasts exhibit higher levels of senescence compared with
their healthy counterparts, suggesting further similarities between the fibrotic disorder and the aging process.
Hence, at the molecular level, SSc fibroblasts exhibit intrinsic characteristics of fibroblasts from aged skin.
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INTRODUCTION
Aging is the common, predisposing feature of numerous
diseases, including diabetes, cardiovascular dysfunction, can-
cer, dementia, and Alzheimer’s disease, and it afflicts all
individuals in a society and the society itself at large (Grayson,
2012). In the past century, with an increase in average
life expectancy by B30 years (Niccoli and Partridge, 2012),
a change of attitude toward aging has been noted: the
understanding of the aging process is fundamental to
promote health. Cutaneous aging, which has both genetic
and environmental components, has been classified into
intrinsic and extrinsic aging (Jenkins, 2002; Uitto, 2008).
Intrinsic aging of the skin proceeds similar to that of most
internal organs (Jenkins, 2002), and respective research is
likely to be transferable and even directly applicable to aging
phenomena in general.
Although aged skin is characterized by a loss of collagens
and other extracellular matrix (ECM) components, which leads
to its thinning (Papakonstantinou et al., 2012), most other
organs display increased levels of insoluble ECM with age,
resulting in progressive stiffening and loss of elasticity of the
tissue (Monnier et al., 2005). These symptoms are also a key
feature of cutaneous fibrotic diseases, systemic sclerosis (SSc)
being the prototype of such disorders. A characteristic feature
of SSc is the presence of fibroblasts with an activated
phenotype, which display an increased expression of genes
coding for ECM proteins and actin, whereas the expression
of genes encoding ECM-degrading proteins is reduced
(Rosenbloom et al., 2010). As a consequence of these
changes, excessive deposition of collagen and other ECM
components typically occurs in the skin and other organs,
primarily in the lung and kidneys, and accumulation of
connective tissue leads to subsequent organ dysfunction
(Varga et al., 1994). However, the signals responsible for
fibroblast activation and the mechanisms involved in the
propagation of the disease phenotype remain largely
unknown (Gerber et al., 2013). In fibroblasts, senescence
may also lead to activation accompanied by the senescence-
associated secretory phenotype (Freund et al., 2010), which
leads to the production and release of proinflammatory factors
(Newgard and Sharpless, 2013). Despite the unclear
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connection between senescence-associated secretory pheno-
type and SSc, chronically inflamed tissue is characterized,
among other features, by fibrosis (Freund et al., 2010).
Increased protein deposition in fibrosis could reflect
increased protein synthesis, decreased protein degradation,
or a combination of these events. A distinct characteristic of
aging cells is the sustained accumulation of defective macro-
molecules and organelles, and the deterioration of intracel-
lular degradative processes with age is well documented
(Vellai, 2009). Thus, it has been suggested that enhancing
the mechanisms responsible for clearance of damaged macro-
molecules may mitigate the consequences of aging (Ravikumar
et al., 2010). A key system in cellular degradative processes is
autophagy, a constitutive, homeostatic mechanism responsible
for controlled degradation and recycling of cytoplasmic com-
ponents, macromolecules, and organelles within lysosomes
(Dumit and Dengjel, 2012). Cell stresses, such as nutrient
starvation, stimulate autophagy by inhibiting the mammalian
target of rapamycin (MTOR) (Choi et al., 2013). Double-
membrane vesicles, known as autophagosomes, sequester
macromolecules and organelles targeted for degradation, and
their subsequent fusion with lysosomes leads to degradation of
the autophagosomal content. Dysregulation of this catabolic
mechanism has been implicated in aging as well as in several
age-dependent pathologies, including cancer and neuro-
degenerative, infectious, cardiovascular, metabolic, and
pulmonary diseases. Further evidence in support of a
connection between aging and autophagy is the plethora of
environmental factors influencing both processes. Conditions
such as starvation, hyperthermia, and hypoxia, which
have proven to extend the lifespan of model organisms, are
also inducers of autophagy (Chen et al., 2008; Bellot et al.,
2009), suggesting a causative connection between auto-
phagy and decreased aging (Vellai, 2009). Additional studies
on model organisms have pointed out that activation of
autophagy extends the lifespan, whereas its inhibition
produces opposite results (Vellai, 2009; Ravikumar et al.,
2010).
To identify potentially causative proteins involved in skin
aging and SSc, we performed unbiased, quantitative mass
spectrometry (MS)–based proteomic analyses of proteomes
of fibroblasts cultured from the skin of SSc patients and from
that of healthy control individuals of varying ages. MS is the
method of choice to study protein dynamics in a global
manner (Zimmermann et al., 2010; Engelke et al., 2012).
Depending on the experimental setup, MS allows the
determination of differences in protein abundance (Ku¨ttner
et al., 2013; Sprenger et al., 2013b), organellar proteomes
(Dengjel et al., 2012), and post-translational modification
states (Akimov et al., 2011). By using the method of Stable
Isotope Labeling by Amino acids in Cell culture (SILAC) to
label metabolically primary human skin fibroblasts (Sprenger
et al., 2013a, 2010), we identified proteins and cellular
pathways that were deregulated in aged and SSc fibroblasts,
with a focus on autophagy.
RESULTS
Proteomic changes in aging fibroblasts
We first analyzed the intracellular proteome of primary,
normal human dermal fibroblasts (NHFs) from five healthy
donors of 0, 4, 14, 20, and 33 years of age (see Table 1) using
SILAC-MS. In this procedure, fibroblasts of the same passage
number were lysed and combined with cell lysate of a fully,
‘‘heavy-labeled’’ fibroblast control as an internal standard
(Figure 1a and Table 1). The common internal control allowed
us to compare protein abundance differences between all five
primary cells. In total, we quantified 3,082 proteins, of which
1,542 were quantified in all five samples (Supplementary
Table 1 and Supplementary Figure 1 online), by a minimum of
one unique peptide with a false discovery rate beingo1% on
protein and peptide level. Protein ratios were analyzed by
hierarchical clustering to identify proteins exhibiting abun-
dance dynamics correlating with age (Figure 1b). We identi-
fied two clusters in which proteins constantly decreased
(cluster I) or increased (cluster II) with advancing age from 0
to 33 years, comprising 186 and 277 proteins, respectively.
Table 1. Fibroblasts used in this study
Cells used to study chronological aging Cells used to study SSc
Cell ID Donor’s age Body part Gender Cell ID Donor’s age Body part Gender
NHF-0 0 Foreskin Male SSc-A 52 Extensor forearm Female
NHF-4 4 Foreskin Male SSc-B 47 Extensor forearm Female
NHF-14 14 Axilla Female SSc-C 49 Extensor forearm Female
NHF-20 20 Left thigh Female NHF-A 47 Extensor forearm Female
NHF-33 33 Genital ridge Female NHF-B 29 Extensor forearm Female
NHF-44 44 Abdomen Male NHF-C 33 Extensor forearm Female
NHF-49 49 Back Female
NHF-56 56 Abdomen Female
NHF-60 60 Gluteus ND
NHF-69 69 Neck Male
Abbreviations: ND, not determined; NHF, normal human dermal fibroblast; SSc, systemic sclerosis.
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Figure 1c shows selected, enriched gene ontology terms in the
respective clusters relative to the total data set (see also
Supplementary Table 2 online). Proteins that increased with
age were components of different organelles, such as the
endoplasmic reticulum, lysosomes, and peroxisomes. The
metabolic pathways, such as mitochondrial ATP synthesis,
proton transport, the purine ribonucleoside triphosphate bio-
synthetic pathway, protein glycosylation, and protein folding,
were upregulated with age. On the other hand, proteins whose
abundance consistently decreased with age carried mostly
nuclear annotations, particularly nucleosome, chromatin, and
telomeres, and they were components of processes involving
nucleic acids, such as DNA replication, RNA metabolism, and
mRNA translation. These observations suggest a lower pro-
liferative capacity of older cells. Among proteins that declined
with age (cluster I), we found all six members of the
minichromosome maintenance (MCM) helicase complex
(Figure 1d and Supplementary Table 1 online), a complex
important for DNA replication during cell cycle, and we
subsequently focused on studies to examine their involvement
in the aging process.
Characterization of the aging phenotype in skin fibroblasts
As a follow-up of the SILAC-MS results (Figure 1d), we
analyzed MCM6 and MCM7 levels in NHF from donors of
4 to 60 years of age by western blot analysis (Figure 2a). MCM7
protein levels decreased up to 30 years of age and remained
essentially stable until the age of 60 years, both in the
cytosolic and nuclear fractions (Figure 2a). MCM6 remained
undetected in the cytosolic fraction and followed the MCM7
levels in the nuclear fraction. Thus, consistent with the
SILAC-MS data, western blot analyses confirmed that the
cellular/nuclear levels of MCM proteins displayed a consis-
tent, age-dependent decrease in abundance. In addition,
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Figure 1. Proteomics analysis of skin fibroblasts from donors of different ages: 0, 4, 14, 20, and 33 years. (a) Work flow followed to investigate proteome
changes of fibroblasts. A ‘‘heavy’’ (Arg10, Lys8) labeled primary human fibroblast standard was spiked in 1:1 ratios to ‘‘light’’ (Arg0, Lys0) labeled samples. Lysates
were separated by SDS-PAGE, proteins were digested by trypsin in gel, and the resulting peptide mixtures were analyzed by reversed-phase liquid
chromatography-mass spectometry/mass spectometry (LC-MS/MS). (b) Hierarchical clustering of protein ratios. Samples were ordered according to the age of the
donors. Protein ratios were log2 transformed and z-score normalized before hierarchical clustering. Two clusters were identified with proteins that consistently
decreased (cluster I) or increased (cluster II) with age, which are marked by yellow bars on the right side of the heat map. Bottom: color scale indicates
relative protein abundance values. (c) Line diagrams of identified clusters: each line representing one protein. Gene Ontology (GO) terms of proteins enriched
more than 1.5-fold in the highlighted clusters are explicitly mentioned (Po0.05). (d) Average relative levels of minichromosome maintenance (MCM) complex
proteins (MCM2–7), as quantified by MS. Primary cells were compared with internal standard. Error bars indicate SEM of all protein complex members (n¼ 5).
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MCM7 immunostaining (Figure 2b and Supplementary
Figure 2 online) was in agreement with the western blot
analysis, and suggested that MCM7 shifts its localization from
the nucleus to the cytosol with increasing age. As MCM
proteins distribute in a cell cycle–dependent manner, entering
the nucleus during the S phase and leaving shortly after DNA
replication (Nguyen et al., 2000), the observed heterogeneity
in subcellular localization in single samples may be linked to
different cell cycle states of respective cells.
As the MCM proteins are involved in cellular proliferation
(Freeman et al., 1999), we evaluated the proliferative capacity
of primary fibroblasts from individuals of different ages. As
expected, with increasing age the cells divided less frequently,
consistent with reduced levels of MCM proteins (Figure 2c),
particularly in the nucleus (Figure 2b). We determined protein
levels in whole-cell lysates of NHF obtained from donors of
different ages, and calculated protein concentrations per
million cells. Figure 2d shows the total protein concentration
of fibroblasts in culture, highlighting a clear increase of protein
content in cells from older donors. According to our SILAC-MS
results, mRNA translation mechanisms were downregulated
(Figure 1c), suggesting that accumulation of proteins reflected
an impairment of degradative processes, although the
presence of proteins of lytic organelles, e.g. lysosomes and
peroxisomes, was also augmented (Supplementary Table 2
online).
To assess the autophagic capacities of the cells, we assigned
the fibroblasts from individuals of different ages to four
different treatments: no nutritional restriction (normal growth
medium), or amino-acid starvation conditions (Hank’s
balanced salt solution medium), both with and without
concanamycin A, an inhibitor of the lysosomal Hþ -ATPase
that blocks lysosomal degradation and thus enables the
analysis of autophagic flux (Klionsky et al., 2012). Amino-
acid starvation stimulates autophagy-inducing degradation of
proteins to compensate for the lack of nutrients (Zimmermann
et al., 2010). Figure 2e and Supplementary Figure 3 online
depict the age-dependent decrease of autophagic flux under
normal conditions and, to a greater extent, under amino-acid
starvation. Notably, the responsiveness to nutritional restric-
tion was remarkably high in cells from young donors com-
pared with cells from older donors. Older cells responded less
to nutritional stress and exhibited an increased basal level of
microtubule-associated proteins 1A/1B light chain 3B (LC3)-II
under normal conditions, which indicates a partial block of
autophagy. This could also be shown by image analyses using
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Figure 2. Phenotype of skin fibroblasts from donors of varying ages. (a) Relative levels of minichromosome maintenance 6 (MCM6) and MCM7 as detected by
western blot analysis. Samples were normalized to protein amount, and actin is shown as loading control. The diagram shows quantitation relative to
normal human dermal fibroblast-4 (NHF-4). (b) Microscopy pictures of MCM7 immunostaining of cells of different ages. Bars¼ 100mm. (c) Proliferation rates,
calculated as cell divisions per week (n¼ 3). (d) Total protein concentration in whole-cell lysates. (e) Analysis of autophagic fluxes under amino-acid starvation
(induced) and control conditions (basal). LC3-II levels of samples treated with and without concanamycin A (C-A) were quantified and normalized to actin.
A representative western blot is depicted (see Supplementary Figure 3 for further analyses). Fibroblasts exhibit increased senescence with age, as detected by
(f) b-galactosidase activity, and (g) p16 and p21 levels. C-A, concanamycin A; HBSS, Hank’s balanced salt solution; LC3, microtubule-associated proteins 1A/1B
light chain 3B.
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LC3 immunostaining (Supplementary Figure 4 online). As
expected, fibroblasts of increasing age also exhibited boosted
cellular senescence: b-galactosidase activity (Figure 2f) and
the levels of the cell cycle–regulating proteins, p21 (CDKN1A)
and p16 (CDKN2A) (Figure 2g), were higher in older fibro-
blasts compared with younger cells.
Collectively, we conclude that the aging phenotype of
fibroblasts in culture involves lower abundance of MCM
proteins, a redistribution of MCM proteins, lower proliferation
rates, general protein accumulation, a lower autophagic
capacity, and an increasing level of senescence.
Characterization of the molecular phenotype of SSc in skin
fibroblasts
To investigate molecular characteristics of SSc, the following
primary fibroblasts were included in this study: SSc-A, SSc-B,
and SSc-C from individuals with SSc, whereas NHF-A, NHF-B,
and NHF-C were age-, gender-, and biopsy site-matched
control fibroblasts, respectively (Table 1 and Supplementary
Information online). To compare intracellular proteomes of
SSc and control fibroblasts, we followed a procedure similar to
that described above. Specifically, we mixed whole-cell lysate
of SSc or control fibroblasts to a fully labeled NHF internal
standard in a 1:1 ratio (Figure 3a).
In two biological replicates each (see Supplementary
Figure 5 online), giving rise to a set of 12 experiments with
fibroblasts from three patients and three matching controls, we
quantified almost 3,200 proteins. Of these, 2,433 could be
quantified in all the three matching pairs—i.e., over 75% of
protein ratios were calculated for the three pairs (Figure 3b
and Supplementary Table 3 online). An analysis of variance
was performed to identify the differentially regulated proteins.
This disclosed 66 upregulated and 82 downregulated proteins
between the patient and control samples (Po0.05; see
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Figure 3. Proteomics analysis of systemic sclerosis (SSc) fibroblasts by mass spectometry (MS). (a) Work flow followed to compare proteomes of SSc and control
fibroblasts. Fully labeled control normal human dermal fibroblasts (NHFs) were used as an internal standard to combine abundance values. (b) Venn diagram
represents the number of detected proteins in each experiment (two biological replicates each). (c) Selected Gene Ontology (GO) terms of significantly altered
proteins in SSc fibroblasts as detected by DAVID (The Database for Annotation, Visualization and Integrated Discovery) are shown (Po0.05). Red highlights
upregulated and green downregulated protein abundance. LC, liquid chromatography.
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Supplementary Table 4 online). Significantly changed proteins
were processed by DAVID (The Database for Annotation,
Visualization and Integrated Discovery) Bioinformatics
resources 6.7 (Huang et al., 2009a, b) to detect enriched
Gene Ontology terms by functional annotation clustering
(Figure 3c; enrichment score 41.5; Po0.05). Proteins upre-
gulated in SSc were involved in energy metabolism, whereas
those downregulated belong to DNA/RNA processes. Hence,
there was a similarly altered pattern of cellular pathways in
both SSc and aging fibroblasts, as represented in Figure 3c and
Figure 1c, respectively.
To characterize the molecular phenotype of SSc fibroblasts,
we measured MCM protein levels, total protein concentration,
cell proliferation, autophagic capacity, and cellular senes-
cence of SSc versus control cells. MCM6 and MCM7 levels in
the nuclear fraction of SSc fibroblasts were significantly lower
than in control cells (Figure 4a). However, cytosolic levels of
MCM7 proteins were similar in SSc and control fibroblasts.
Figure 4b shows immunostaining of MCM7 and corroborates
the differential distribution of MCM7 in SSc and control
cells, with less MCM7 in nuclei of SSc cells. The same
tendency was exhibited by older fibroblasts compared with
younger cells (Figure 2b). As depicted in Figure 3c, proteins
involved in nuclear transport were downregulated in SSc cells
(see Supplementary Table 4 online), which may result in the
lower levels of MCM proteins detected in nuclei. Lower
proliferation rates of SSc fibroblasts were in agreement with
changes in nuclear MCM protein levels (Figure 4c). Total
protein concentrations were increased in SSc fibroblasts,
compatible with the fibrotic characteristics of the disorder
(Figure 4d). To determine whether protein accumulation
was due to diminished autophagic capacity of SSc fibroblasts,
we followed a similar procedure as described above and
challenged the cells with amino-acid starvation (Hank’s
balanced salt solution) and rapamycin treatment, an inhibitor
of MTOR and therefore an inducer of autophagy. Treatments
were applied with and without concanamycin A to
calculate autophagic fluxes. We observed that the autophagic
capacity of SSc cells was impaired relative to controls,
not only under control conditions but also under amino-
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Figure 4. Molecular phenotype of systemic sclerosis (SSc)-affected fibroblasts. (a) Levels of minichromosome maintenance 6 (MCM6) and MCM7 in nuclear
fractions, as detected by western blot analysis, are shown. Bar diagram represents quantification of nuclear MCM6 and MCM7 by western blot analysis. Samples
were normalized to protein content, and actin is shown as loading control. (b) Microscopy pictures of MCM7 immunostaining indicate a change in subcellular
localization. (c) Proliferation rates, calculated as cell divisions per week of two matching pairs, are highlighted. (d) Protein concentration in whole-cell lysate is
depicted. (e) Autophagic fluxes under amino-acid starvation, rapamycin treatment, and control conditions are shown (see Figure 2; *Po0.05; **Po0.01;
***Po0.001). A representative western blot analysis is depicted (see Supplementary Figure 7 online for further analyses). Senescence levels in SSc and control
fibroblasts as detected by (f) b-galactosidase activity, and (g) p16 and p21 levels. HBSS, Hank’s balanced salt solution; LC3, microtubule-associated proteins 1A/1B
light chain 3B; NHF, normal human dermal fibroblast; Rapa, rapamycin.
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acid starvation and rapamycin treatment (Figure 4e and
Supplementary Figure 6 online). LC3 immunostaining
(Supplementary Figure 7 online) confirmed the lack of
responsiveness to nutritional challenge of SSc cells relative
to control fibroblasts. It is tempting to speculate that hindrance
in autophagic degradation pathways in SSc cells leads to the
increased abundance of mitochondrial proteins detected by
MS (Figure 3c).
Interestingly, SSc cells proved to be more senescent com-
pared with population doubling level-matched controls, as
evidenced by b-galactosidase activity (Figure 4f) and, in case of
SSc-A, by increased p21 and p16 levels (Figure 4g). Collec-
tively, with respect to the presence of MCM proteins, the SSc
fibroblasts behaved similar to fibroblasts derived from older
healthy donors. Also, the proliferation rate, the protein con-
centration, the autophagic capacity, and the senescence level of
SSc fibroblasts were similar to those of cells from older donors.
Behavior of MCM7 knockdown cells
We next analyzed whether the observed phenotypes were a
direct result of lower MCM protein abundance. For this
purpose, we generated doxycycline (DOX)-inducible MCM7
knockdown fibroblasts and challenged them under the con-
ditions used above to characterize the aging and SSc primary
fibroblast phenotypes. MCM7 knockdown fibroblasts were
generated by transfecting NHF-4 with a short hairpin RNA
specific to MCM7 using a human TRIPZ lentiviral-inducible
short hairpin RNAmir target gene. After 6 days of induction
with DOX, knockdown fibroblasts showed a more than 50%
decrease of MCM7 in control cells (Figure 5a). Notably, levels
of MCM6 were reduced to a similar extent as MCM7 in these
knockdown cells.
DOX treatment increased cell proliferation, and, specifi-
cally, NHF-4 cells without DOX showed a division rate of 1.7
times per week, whereas under DOX treatment, control and
MCM7 knockdown cells divided 3.8 and 2.4 times, respec-
tively (Figure 5b). Assuming that DOX affects control and
knockdown cells in the same manner, it is reasonable to
assume that their behavior is comparable under identical
culture conditions. Thus, we conclude that a decrease in the
levels of MCM7 and MCM6 results in a marked reduction in
proliferation. In addition, upon decrease of MCM7 levels in
fibroblasts, an increase of total protein of almost 100% could
be observed (Figure 5c). This result indicates that by
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Figure 5. Behavior of minichromosome maintenance 7 (MCM7) knockdown fibroblasts. (a) Abundance of MCM proteins in whole-cell lysate of MCM7
knockdown and mock-treated control fibroblasts. Bar diagram depicts protein ratios normalized to actin. (b) Proliferation rates calculated as cell divisions per
week. (c) Protein concentration in whole-cell lysate. (d) Autophagic fluxes under amino-acid starvation (induced) and control conditions (basal) (see Figure 2;
**Po0.01; ***Po0.001). C-A, concanamycin A; HBSS, Hank’s balanced salt solution; LC3, microtubule-associated proteins 1A/1B light chain 3B.
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influencing the rate of proliferation, cells alter their protein
content, in agreement with the notion that low proliferating
cells exhibit an increased protein abundance in culture. Also,
autophagic flux proved to be impaired in MCM7 knockdown
cells under basal conditions (Figure 5d). However, lower levels
of MCM7 did not have a significant effect on the autophagic
capacity of cells under amino-acid starvation. Supplementary
Figure 8 online shows corresponding LC3 immunostaining.
Although it has been documented that senescent cells display
lower levels of MCM proteins (Harada et al., 2008), we did not
detect any change in the level of senescence in MCM7
knockdown fibroblasts (data not shown), which might be due
to the short time frame of DOX treatment.
Collectively, behavior of MCM7 knockdown cells repro-
duced most phenotypic aspects of cells from older individuals
and from patients with SSc. Lower levels of MCM proteins
relate to lower proliferation rates, elevated protein abundance,
and autophagy impairment, at least under basal conditions.
Autophagy induced by amino-acid starvation was not altered
in knockdown cells. Hence, we conclude that reduced MCM
protein levels contribute to the fibrotic and aging phenotypes,
which can be observed in primary human skin fibroblasts.
DISCUSSION
Aging of skin fibroblasts
In the recent years, concomitantly with a remarkable increase
in life expectancy, the incidence of age-dependent diseases
has increased. However, despite the interest in this topic, the
processes of aging are not fully understood. A comprehensive,
in-depth characterization of the aging phenotype is needed as
a starting point to elucidate the underlying biochemical
mechanisms to promote healthy aging. As an aging phenotype
can readily be observed in human skin, such as alterations in
the ECM proteins, collagen, and elastin, coupled with physio-
chemical alterations (Uitto and Bernstein, 1998; Uitto, 2008),
we decided to study molecular mechanisms involved in age-
associated processes in primary human skin fibroblasts from
individuals of varying ages by MS–based proteomics. With this
approach, we intended to detect relevant protein biomarkers
as well as molecular players associated with the aging
phenotype. Proteins that were upregulated in age mainly
belonged to mitochondria and were involved in energy meta-
bolism, as well as in homeostatic processes, such as transport
vesicles and lysosomes (Hwang et al., 2009). However, the
latter appeared to be not functional as indicated by impaired
constitutive and stress-induced autophagy in the current study.
Proteins that were downregulated with donor age mostly
participated in processes involving DNA and RNA, and
carried, among others, the following Gene Ontology terms:
nuclear pore, telomere, chromatin, chromosome, or ribonu-
cleoproteins. Ribonucleoproteins are a combination of ribo-
nucleic acids and proteins, e.g., ribosome, telomerase, and
vault ribonucleoproteins. Telomerase is of interest in the
context of telomere shortening as a natural consequence of
the aging process (Oulton and Harrington, 2000). Our results
support the notion that aging is linked to altered RNA
pathways (Malatesta et al., 2004). Among the nuclear
proteins that decrease with age, we detected all components
of the MCM helicase complex. MCM proteins form a
hexamer, which functions as replicative helicase (Labib
et al., 2000), and are considered to be proliferation markers
in cell lines, their levels directly reflecting cell division rates
(Freeman et al., 1999; Guida et al., 2005; Kikuchi et al.,
2011). It has been described that proliferation rates of
fibroblasts decrease with increasing age of the donor until
the age of 80 years (Takeda et al., 1992). Correspondingly, we
found that less frequent divisions of fibroblasts with increasing
age correlate with MCM protein levels.
In the present study, we showed that cells from older indivi-
duals proliferating at lower rates accumulate higher amounts
of protein and become more senescent. Accumulation of
damaged DNA, proteins, lipids, and organelles during the
aging process, resulting, e.g., from the action of reactive
oxygen species and from a lower activity of degradative
mechanisms, is well documented (Vellai, 2009; Ravikumar
et al., 2010). Autophagy has been directly implicated in aging
in model organisms (Ravikumar et al., 2010). Here we showed
that in primary human skin fibroblasts also autophagic activity
correlates inversely with the donor age, possibly linking age-
dependent increase in protein concentration to impaired
autophagic degradation. Thus, we provide evidence in
support of the connection between four processes:
proliferation rate, senescence, accumulation of total protein,
and autophagic capacity.
Although lower levels of MCM proteins have been involved
in senescence (Harada et al., 2008), MCM proteins have so far
not been implicated in the regulation of protein abundance
and autophagy, and it is not clear whether they exert direct
effects on the underlying molecular machinery itself or
whether lower proliferation rates due to decreased MCM
levels indirectly modulate these processes. Furthermore, the
specific role of MCM proteins in aging remains unclear.
Recently, MTOR kinase, a negative master regulator of
autophagy, was shown not only to control cell growth but
also to have a role in cell proliferation (Robitaille et al., 2013).
It can be hypothesized then that MCM proteins influence
MTOR activity by controlling cell proliferation and thereby
indirectly interfere with autophagy, possibly when they
localize in the cytosol. In addition to MTOR, MCM proteins
can be linked to autophagy via the autophagy-promoting
transcription factor hypoxia-inducible factor-1 (Hubbi et al.,
2011, 2013). MCM7 enhances hypoxia-inducible factor-1
ubiquitination and consequent proteosomal degradation,
which may also reduce the cellular autophagic capacity.
Molecular phenotype of SSc fibroblasts
Alterations in the protein composition of the ECM can be
observed not only in aging tissues but also in fibrotic disorders.
Although these processes differ substantially in many respects,
we decided to study specific phenotypic alterations in the pro-
totypic fibrotic disease, SSc, with respect to cell proliferation,
senescence, protein deposition, protein degradation, as well
as the influence of MCM proteins, in comparison with age-
matched controls. As the secretome of SSc dermal fibroblasts
has already been studied (Del Galdo et al., 2010), the primary
aim of the present work was to assess differences in the
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intracellular proteome to identify upstream effects, which may
ultimately lead to alterations in the ECM. We recently showed
that the abundance of intra- and extracellular proteins
correlates only weakly (Ku¨ttner et al., 2013), which might
explain the fact that proteins known to accumulate in the ECM
in SSc, such as collagens type I, III, VI, and VII (Peltonen et al.,
1990; Rudnicka et al., 1994; Jimenez et al., 1996), were not
detected as regulated proteins in the current study. In addition,
the SILAC approach used here yielded only relative protein
abundance differences and did not address absolute protein
levels. The MS analysis revealed cellular proteins involved in
nuclear and RNA-related processes to be downregulated, in
agreement with what was observed for the aging process. A
decrease in the nuclear levels of MCM protein was identified,
which can be linked to the lower proliferation rates of SSc
cells. However, whether this relationship is causative of the
SSc phenotype remains to be tested.
Interestingly, we showed the same relation between protein
accumulation and autophagy hindrance in SSc fibroblasts as in
aging cells. The list of pathological conditions, which exhibit
an imbalance in the autophagic capacity, is rapidly increasing
(Choi et al., 2013). Several fibrotic disorders appear to exhibit
defects in protein degradation (Del Principe et al., 2011) and it
is not far-fetched to speculate, as indicated by the current
study, that impaired autophagy may contribute to accumu-
lation of ECM proteins. Interestingly, in a mouse model of SSc,
increased autophagy could be observed and an inhibition of
autophagy was suggested as a potential therapeutic strategy
(Castello-Cros et al., 2011). It appears that autophagy could
have both beneficial and deleterious effects on SSc disease
progression, similar to other disorders (Sridhar et al., 2012).
Further research is needed to be able to decide whether an
inhibition or induction of autophagy is the desirable
therapeutic approach.
Collectively, although fibrotic disorders and aging show
distinct clinical phenotypes, we identified molecular simila-
rities and overlapping cellular pathways that were deregulated
in both situations. Thus, deregulated proteins might represent
promising therapeutic molecular targets in both settings.
MATERIALS AND METHODS
Cell culture and SILAC labeling.
Unless otherwise stated, primary dermal fibroblasts were cultured in
DMEM (high glucose) supplemented with 10% fetal calf serum,
penicillin/streptomycin (100 U ml 1, 100mg ml 1), and 2 mM L-glu-
tamine. For the labeling of NHF-4, used as an internal standard in MS,
cells were cultured in SILAC-DMEM supplemented with 10%
dialyzed fetal calf serum, penicillin/streptomycin (100 U ml 1,
100mg ml 1), 2 mM L-glutamine, 42 mg l 1 L-arginine 13C6-
15N4,
73 mg l 1 L-lysine 13C6-
15N2 (Arg10-Lys8), and 82 mg l
 1 proline.
MS sample preparation, measurements, and data analysis.
A detailed description is given in the Supplementary Information
online.
Protein concentration determination and determination of cell
proliferation rates.
See Supplementary Information online for details.
Detection of autophagic levels.
A total of 8 105 fibroblasts per 10 cm plate were challenged to
different treatments, with and without concanamycin A: Hank’s
balanced salt solution to simulate amino-acid starvation conditions,
normal growth medium, and normal growth medium supplemented
with rapamycin. After 4 hours of incubation at 37 1C and 5% CO2,
cells were washed with ice-cold Dulbecco’s phosphate-buffered
saline with protease inhibitors, and harvested with a cell scraper.
For fibroblast lysis, cell pellets were incubated for 30 minutes in 80ml
of NP-40 lysis buffer on ice with three rounds of vortexing. After
centrifugation at 16,000 r.c.f. for 10 minutes at 4 1C, the supernatant
was transferred into a new tube. We determined protein concentra-
tion using the BCA Protein Assay Kit (Thermo Scientific, Rockford, IL)
and loaded 30mg protein per gel well to detect LC3 levels by western
blot analysis.
Immunoblotting and staining.
Proteins were resolved by SDS-PAGE, and were transferred onto a
polyvinylidene difluoride (semidry blot) or nitrocellulose (wet blot)
membranes. Antibodies against MCM7 (Santa Cruz Biotechnology,
Santa Cruz, CA; (0.N.194): sc-71550), MCM6 (Santa Cruz; (B-4): sc-
55576), LC3 (5F10; nanoTools, Teningen, Germany), p21 (Santa
Cruz; (H-164): sc-756), p16 (Santa Cruz; (H-156): sc-759), and actin
(sc-47778; Santa Cruz) were used according to the supplier’s manual,
followed by appropriate horseradish peroxidase–conjugated second-
ary antibodies. The enhanced chemiluminescent method was used for
detection on a LAS-4000 Mini (GE Healthcare, Freiburg, Germany).
Immunofluorescence staining and b-galactosidase activity staining are
described in the Supplementary Information online.
Knockdown of MCM7 in skin fibroblasts
NHF-4 cells were used to generate an MCM7 knockdown cell
line by transfection with a short hairpin RNA specific to MCM7
using a human TRIPZ lentiviral-inducible short hairpin RNAmir
target gene set from Thermo Scientific (Rockford, IL), as previously
published (Martins et al., 2009). Adequate controls were obtained
following the same procedure. Cells were seeded at 50% confluence
and subjected to transfection after 16 hours. MCM7 expression
was analyzed by immunoblotting. Experiments using MCM7
knockdown cells were performed after a 6-day induction,
adding DOX at a concentration of 1:500 to normal growth
medium.
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